Cellular core structures with a negative Poisson's ratio, also known as auxetic core structures, are gaining attention due to their unique performance in sandwich panel systems for protecting critical infrastructures and military vehicles that are at high risk of blast and impact loads due to accidental and deliberate events. To help develop a high-performance protective system, this article outlines the performance evaluation of five different auxetic cell configurations based on a quantitative/qualitative review of an experimental loaddeformation relationship of three-dimensional-printed auxetic panels from nylon plastics and the overall performance evaluation of metallic re-entrant honeycomb core sandwich panels as one type of lightweight protective system under static and dynamic loads via experimental testing and numerical simulations. The re-entrant honeycomb design displayed the most consistent auxetic behaviour. Quasi-static compression and drop hammer impact tests were performed using the proposed full-scale sandwich panel design with two different configurations as a protective system for concrete wall structures in combination with plastic face plates. The effect of the internal angle of the re-entrant honeycomb design and the effect of the core material under static and dynamic loads were evaluated using full-scale sandwich panels. Furthermore, two separate materials -acrylonitrile butadiene styrene and low-density polyethylene -were used as face plates, and the low-density polyethylene was effective for lightweight and smooth load transferring and distribution into the auxetic core. Auxetic panel deformation under static and dynamic load was examined using a normal speed camera and high-speed video recording data and all auxetic panels indicated excellent systematic crushing behaviour with drawing materials into the load path to effectively resist the impact load. Numerical
Introduction
Development of lightweight protective systems for the protection of critical infrastructures, such as government assets, airports, transport terminals, military buildings and vehicles, from blast and impact loads have been gaining more attention of field experts due to the increasing trend of terrorist attacks and accidental explosions (Chen and Hao, 2013; Codina et al., 2017; Qi et al., 2017; Smith, 2010) . When the civil infrastructures are subjected to blast and impact loads, the structural elements, such as columns, beams and slabs, could be critically damaged and cause a loss of structural stability. One solution to protect the critical structural elements is the use of sacrificial protective systems, which can be mounted to the outside of the structure as a protective layer for absorbing the energy of blast and impact actions. Moreover, external protective systems prevent debris flying out from the structures, reducing injuries to personnel.
Sacrificial sandwich cladding systems with cellular cores have been intensively studied (Langdon et al., 2010; Wadley et al., 2013; Wu and Zhou, 2011; Yin et al., 2016) due to their high energy absorption capability and light weight. A sandwich panel system comprises two outer face plates and an inner core structure. An additional cover plate can be used for further energy absorption and for preventing localised failure of the core structure from high-speed impact or blast loads. The external face plate evenly distributes the load over the sandwich panel system while the inner core absorbs energy via plastic deformation of the individual cells.
It is a well-known fact that the energy absorption, impact and blast resistance of sandwich panels can be significantly improved through the development of internal core structure. There are several core structures, such as metallic or polymeric foams and cellular structures, which can be used as an energy-absorbing core for protective panel systems. Most early studies in this emerging research area considered the foam core and cellular core sandwich panel systems and proved their superior performance compared to the conventional protective systems, such as thick steel plates (Dharmasena et al., 2008; Triantafillou and Gibson, 1987; Xia et al., 2014; Hutchinson, 2003, 2004; Ye et al., 2017) . Several cellular core structures, such as hexagonal honeycomb, threedimensional (3D) lattice structures, corrugated core structures and square honeycomb core, have been considered for use as the core of sandwich panels to help improve energy absorption capacity, blast and impact resistance (Li et al., 2014a; Zhu et al., 2010) . Most early attempts considered the out-of-plane arrangement of unit cells in which the unit cell axis is perpendicular to the face plates. In this unit cell arrangement, the parameters that govern the unit cell configuration, such as internal angles, number of layers, wall thickness and core density, had a limited effect on blast and impact resistance (Dharmasena et al., 2008; Li et al., 2014b; Nayak et al., 2012; Zhu et al., 2009 ). Subsequently, recently performed studies have focused on the in-plane arrangement of unit cells in which the unit cell axis is parallel to the face plates, and they found that the core topology of the unit cell had a greater influence on the overall performance of the sandwich panel system (Habib et al., 2017a (Habib et al., , 2017b Ingrole et al., 2017; Jin et al., 2016) .
Recently, a cellular core structure that exhibits a negative Poisson's ratio (NPR), also known as an auxetic structure, has attracted much attention due to its unique NPR behaviour, improved fracture toughness, higher indentation resistance, high shear modulus and higher shear resistance (Liu, 2006) . Unlike the conventional cellular core structures, when auxetic structures are compressed in the direction perpendicular to the unit cell axes, they contract in the lateral direction by drawing materials into the force path. When auxetics are stretched in the transverse direction, they expand in the direction perpendicular to the force (Kolken and Zadpoor, 2017; Liu, 2006; Saxena et al., 2016) . When the sandwich panel systems are developed with the auxetic cores, they outperform the regular core sandwich panel systems by concentrating material into the impact zone under blast and impact loads.
Several types of auxetic structures exist and their performance varies significantly with different parameters that govern the unit cell configuration. Moreover, new auxetic designs could be developed by altering the unit cell configurations and parameters to maximise the performance of these structures (Ingrole et al., 2017; Ma et al., 2010; Ren et al., 2018; Saxena et al., 2016) . The main types of auxetic structures are re-entrant, chiral and rotating unit. Few studies have evaluated the performance of sandwich panels with chiral type and rotating units due to the complex cell topology and difficulties with their manufacturing (Ha et al., 2016; Ren et al., 2018; Saxena et al., 2016) . Auxetic structures utilising re-entrant unit cells have been used for most studies due to their relatively simple core topology, which could be both two-dimensional (2D) and 3D. For instance, Ma et al. (2010) developed a 3D version of the arrowhead type auxetic unit cell and studied their dynamic response through the numerical and experimental testing of prototype sandwich panels. These study results indicated a 50%-90% reduction of the load transferred to the main structure and high energy absorption under extreme events. Another study (Imbalzano et al., 2015 (Imbalzano et al., , 2016b proposed the 3D re-entrant honeycomb system, which was designed based on the 2D re-entrant honeycomb unit cells. When compared to the same mass monolithic steel plates, the 3D auxetic core sandwich panel system provided a 56% reduction of the peak displacement while absorbing energy through plastic deformation under projectile impacts up to 200 m/s and a 30% reduction of the peak displacement and twice the energy absorption under blast loads.
To date, the 2D re-entrant honeycomb auxetic designs have been studied mostly using smallscale prototypes or numerically. The blast performance of the re-entrant honeycomb core sandwich panel systems has been investigated through numerical simulations and compared with conventional honeycomb cores (Imbalzano et al., 2016a) . Yang et al. (2011) studied the energy absorption characteristics of the re-entrant core sandwich panels. Zhang and Yang (2016) investigated the mechanical properties of the re-entrant honeycomb core and compared this with the conventional core structures (Yang et al., 2011; Zhang and Yang, 2016) . The effects of wall thickness, graded core and cell orientation on the performance of the re-entrant honeycomb core sandwich panels have been investigated through the numerical simulations in LS-DYNA and the graded honeycomb core with higher density top layers had better blast resistance compared to regular core structures . The ballistic resistance of re-entrant core sandwich panels has been considered by Qi et al. (2013) and Yang et al. (2013) . Qi et al. (2013) numerically investigated the dynamic response of a high-speed projectile impact of three cell configurations and found that auxetic sandwich panels had better ballistic resistance compared to regular core sandwich panels as they utilise NPR behaviour . Yang et al. (2013) compared the ballistic resistance of auxetic core sandwich panels and aluminium foam core sandwich panels and determined a performance improvement of an auxetic core compared to a foam core due to its NPR behaviour. All aforementioned studies indicated the importance of utilising NPR core structures to improve the performance of sandwich panel systems to resist blast and impact loads. Furthermore, with the development of additive manufacturing techniques, such as 3D printing, the fabrication of auxetic structures has become easier. Some researchers have studied the mechanical performance and properties of reduced-scale auxetic structures with various cell configurations under static and dynamic loads (Dziewit et al., 2017; Habib et al., 2017a Habib et al., , 2017b Hou et al., 2014; Ingrole et al., 2017; Jiang and Li, 2018; Koudelka et al., 2016; Kucewicz et al., 2018; Li et al., 2018; Shen et al., 2015) . Koudelka et al. (2016) performed an experimental and numerical study to evaluate the mechanical properties of 3D-printed auxetic structures, which included missing-rib-cut, 2D re-entrant and 3D re-entrant designs. A new auxetic-strut structure was developed and its in-plane compression behaviour was compared with the conventional honeycomb and auxetic designs through experimental tests of 3D-printed auxetics by Ingrole et al. (2017) . To help develop a body protection pad, Yang et al.'s (2018) study evaluated the static response and impact resistance capability of three different auxetic structures through finite element simulations and experimental testing of 3D-printed specimens. The results indicated a better shock absorption performance for the auxetic structures compared to non-auxetic structures (Yang et al., 2018) .
Despite significant studies that have evaluated and understood the response of auxetic structures under static and dynamic loads, nearly all current publications are based on analytical, numerical or reduced-scale experimental studies. The use of 3D printing has allowed the manufacturing of intricate auxetic configurations, but at a very small scale, limiting their application to small-size protective systems, such as protective pads or helmets. Most published finite element models of the auxetic protective systems have never been validated through full-scale blast and impact tests. The manufacturing of large-scale auxetic structures is a difficult task due to a lack of technology and complex requirements for their manufacturing. Qi et al. (2017) manufactured one of the first largescale re-entrant honeycomb protective panels and performed impact and field blast tests for the large-scale auxetic sandwich panels. They confirmed the high effectiveness of the auxetic core for absorbing a large amount of impulsive energy of close-in detonating charges and localised impact loads. To the best of our knowledge, Qi et al.'s (2017) study is the only currently published experimental study performed for full-scale auxetic structures.
This study aims to extend this work by Qi et al. (2017) by developing large-scale auxetic panels and experimentally evaluating their quasi-static and dynamic responses to validate finite element models for protective applications. This article outlines the performance evaluation of five types of auxetic designs through initial reduced-scale testing of prototype panels, followed by the presentation of a new fabrication method for large-scale auxetic panels and, finally, a discussion of the performance of large-scale auxetic systems utilising re-entrant honeycomb core under quasi-static compression and impact loads. Non-linear finite element models are used for numerical simulations to investigate failure mechanisms and deformation shapes of the auxetic sandwich panel systems under impact loads.
Performance of reduced-scale auxetic prototype structures

Description of auxetic core geometries and preparation of reduced-scale auxetic panels
Five auxetic unit cell configurations were selected from the available auxetic configurations in the literature. The selected auxetics demonstrated good performance regarding NPR, energy absorption and long plateau stress region. The auxetic configurations included re-entrant honeycomb design, arrowhead type 1, arrowhead type 2, star-4 and missing-rib-cut designs (see Figure 1) . The first three designs were selected due to their reported reliable auxetic performance and relatively easy fabrication capability. Despite the star-4 design's classification as an auxetic structure (Kolken and Zadpoor, 2017) , few publications have considered the star-4 design and some publications even reported no evidence of NPR (Dziewit et al., 2017) . Thus, the star-4 design was selected to validate its NPR behaviour. A missing-rib-cut design has not been investigated previously for protective applications and it was selected for this study as Koudelka et al. (2016) reported stable load-deformation curve behaviour for this design. All auxetic prototypes were initially designed using the 3D solid modelling software. The overall dimensions of the auxetic specimens are presented in Table 1 . The length in the direction of unit cell axis was taken as 50 mm and was selected to avoid out-of-plane deformations of the panel. This length can be increased, but it increases the panels' printing times. Nylon was used as a fabrication material as it demonstrates significant rigidity compared to other polymer mat erials as well as elastoplastic behaviour. Each panel's mass is also listed in Table 1 . A single sample was fabricated from each auxetic design and tested under quasi-static compression loading conditions.
All prototype auxetic panels were printed using the design parameters listed in Table 2 . These parameters/topologies were selected based on the design recommendations found in the literature. Arrowhead type 1 topology was chosen by referring the studies performed by Ma et al. (2010) , Ngo et al. (2015) and Yang et al. (2018) and the design parameters were selected to match the working space of the 3D printer and other auxetic designs. Arrowhead type 2 design is a variation of the arrowhead type 1 and was selected due to its relatively easy design topology. Re-entrant honeycomb design is widely known auxetic topology and has been used for many studies (Imbalzano et al., 2016a; Ingrole et al., 2017; Qi et al., 2017) . The design parameters for re-entrant honeycomb design were selected based on the study performed by Qi et al., (2017) . Star-4 topology and missing-rib-cut topology were obtained from the literature (Kolken and Zadpoor, 2017; Koudelka et al., 2016) and their design parameters were adapted to the size of other auxetic shapes and working space of the 3D printer. All auxetic specimens had three layers of auxetic cells in the vertical direction (z) as indicated in Figure 2 (a). The number of layers was based on the preliminary numerical study that was performed for the re-entrant honeycomb design with varying number of layers. The results demonstrated that the prototype panels with four and more layers of auxetic cells exhibited unstable auxetic behaviour as shown in Figure 3 . Therefore, this study of the comparative performance of different auxetic configurations is based on the auxetic panel models with three layers of cells.
Prototype panels were fabricated using the Ultimaker 3 Extended 3D printer. All panels were printed on the raft as indicated in Figure 2 (b) and comprised the same material to avoid the models pulling away from the printing base due to thermal contractions. Even though some of the 3D-printed auxetic samples had surface roughness caused by the printing process, the influence of surface quality on the experimental results was not observed in this study.
Quasi-static compression test set-up
The fabricated auxetic panels were mounted inside a steel restraining frame, which kept the specimens in position and prevented movement of the loading plate while applying the load. The left and right walls and bottom plates of the restraining frame were fixed and the top loading plate was movable. First, an auxetic panel was positioned between the left and right walls; then, the top plate was placed on top of the auxetic specimen to uniformly distribute the load as indicated in Figure 4 . The Instron 3367 universal testing machine was used for quasi-static testing of the auxetic specimens. A uniaxial compressive loading rate of 1 mm/min was applied in the in-plane direction. Vertical load-deformation data were recorded for each auxetic design until the load started increasing rapidly without significant deformation, indicating densification of the material. In addition, a deformation sequence for the auxetic specimens was recorded using a digital camera.
Finite element modelling of reduced-scale auxetic panels
Non-linear finite element implicit analysis was performed for four auxetic configurations under uniaxial compression load using LS-DYNA general-purpose multiphysics simulation software. An implicit approach was considered due to the nature of loading to the auxetic structures. In general, the geometry of the auxetic configurations was created using AutoCAD software and exported as IGES format files, which were imported into the LS-PREPOST pre-processor software to prepare the model. Auxetic cores were modelled using Belytschko-Tsay four-node shell elements with five integration points through the thickness. A mesh sensitivity study was performed and the loaddisplacement results were compared for several mesh sizes. Shell elements with 3 mm size were selected for the auxetic core walls and the 5 mm solid elements were selected for the top and bottom plates. The top and bottom plates and side walls of the restraining frame were modelled using eight-node solid elements with reduced integration formulation in combination with hourglass control to eliminate the zero energy modes. Offsets were defined in between the top and bottom plates and auxetic core to avoid initial penetrations of the shell elements. Figure 5 illustrates the developed finite element models with applied boundary conditions and loadings. Similar to the experimental set-up, all nodes of the bottom plate were fixed for all degrees of freedoms while a uniform motion of 1 mm/s was applied for all nodes of the top plate using the BOUNDARY_PRESCRIBED_MOTION_RIGID_(ID) keyword card. Despite the compression tests being conducted with the loading rate of 1 mm/min, numerical simulations were performed using monotonically increasing compression load with a rate of 1 mm/s to reduce computational time. A verification study in which numerical load-displacement results were compared for different loading rates (see Figure 6 ) was undertaken to confirm that the loading rate did not affect the numerical simulation results.
The AUTOMATIC_SURFACE_TO_SURFACE_CONTACT algorithm was used to account for the contacts between the top and bottom plates and the auxetic core. Friction coefficient µ = 0.3 was used and which was selected by conducting number of simulations with different friction values. The contacts between the top and bottom surfaces of the auxetic cores and the nodes of the vertical surfaces of the auxetic core were simulated using the AUTOMATIC_NODE _TO _ SURFACE_CONTACT algorithm, which was also necessary to prevent the initial penetrations. The AUTOMATIC_SINGLE_SURFACE contact algorithm was used for all parts to account for the self-contacting surfaces during the collapsing process.
Nylon material was used for the 3D-printed panels because of its elastoplastic behaviour. Dogbone shaped specimens were printed using Nylon filament and tensile testing was performed to evaluate their mechanical properties . Figure 7 indicates the engineering stressstrain diagrams for the three 3D-printed Nylon tensile specimens. The MAT_PIECEWISE_LINEAR_PLASTICITY material model was used to model the nylon material in which the detailed effective stress versus plastic strain curve of the material can be defined. The effective stress versus plastic strain diagram obtained from the tensile testing was inserted into the material model. The yield stress of approximately 16 MPa and fracture strain of approximately 2.32 were obtained from the stress-strain diagram. The restraining frame and the loading plate of the experimental set-up were modelled as rigid bodies as their deformations were negligible. MAT_RIGID was used to model the restraining frame. The keyword card details for both materials are presented in Table 3 .
Experimental and numerical results for reduced-scale auxetic panels
The load-displacement relationships obtained from the numerical simulations of each auxetic configurations were compared with the experimental results to demonstrate the validity of the developed numerical models. In Figure 8 , the experimental load-displacement relationship and the deformation patterns for the arrowhead type 1 design are presented along with the numerical results. The arrowhead type 1 design followed the typical load-deformation behaviour of cellular structures in which three regions can be identified: (1) linear elastic region, (2) plateau region and (3) densification region. Initially, the panel indicated linearly elastic deformation under the applied load by successfully resisting the applied load up to 3.2 kN (initial peak force), which was the maximum force that can withstand elastically. Then, the unit cells of the auxetic core started to collapse due to plastic yielding, cell wall buckling and bending. The unit cell collapsing process continued until the auxetic panel fully densified. This collapsing process happened at a certain The arrowhead type 2 design also demonstrated the behaviour similar to arrowhead type 1 as indicated in Figure 9 (a). Its initial peak force was slightly lower than that of arrowhead type 1. After reaching the maximum force that the panel could withstand, unit cells started to collapse, which occurred at a certain force level. Both arrowhead type 1 and 2 designs can be categorised into one design called an arrowhead type; the major difference between these two designs is the internal angle. Both designs demonstrated similar load-displacement behaviour and deformation patterns with NPR behaviour. Both designs had a short plateau region with some load oscillations. The main reason for force oscillations is potentially due to the plastic buckling of the unit cell walls. As indicated in Figure 9 (b), the NPR behaviour can be clearly observed under the compressive force. Even though the numerical model well captured the deformation process as depicted in Figure 9 (b), the initial stiffness was not in a good agreement with the experimental results. This deviation of the numerical results could be attributed to the possible variation of the material properties of Nylon between different samples.
The re-entrant honeycomb design demonstrated a smooth experimental load-displacement relationship under the compressive load compared to the other designs as indicated in Figure 10 (a). After the elastic deformation region, it reached the peak load at approximately 1.3 kN, which was maintained in the plateau region without noticeable load fluctuations. After the collapse of all unit cells, the load started rising abruptly, indicating the densification of the material. Figure 10 (a) compares the experimental and numerical load-displacement curves while Figure 10 (b) depicts the deformation process of the re-entrant honeycomb design under compressive load. Even though the numerical model reasonably agrees with the experimental results for both the load-displacement relationship and the panel deformation process, the numerical model did not well capture the peak load correctly. Smooth material movement towards the load path can be observed as leading to the effective NPR behaviour. The cell collapsing mechanism is mainly due to the formation of plastic hinges in the vertices, which results in smooth cell collapsing behaviour and leads to the nonfluctuating uniform plateau region.
Figures 11(a) and 13(a) show the experimental and numerical load-displacement relationships for the star-4 design and missing-rib-cut design, respectively. The load-deformation relationships of the star-4 design and missing-rib-cut design were slightly different than that of the other designs. Both curves show two linear elastic regions before the plateau region. The change of the slope of the initial portion of the load-displacement curve is due to the stiffness change of the panels. This stiffness increment occurred during the unit cell collapsing process when adjacent individual layers contact each other as shown in Figure 12(b) . The deformation process of star-4 and missing-rib-cut designs can be divided in to four stages: (a) initial stage: during the initial slope of the loaddisplacement curve (AB); (b) second stage: during the more stiffer region (second slope) (BC); (c) third stage: unit cell collapsing stage -during the CD region of the load-displacement curve; and (d) final stage: full densification -DE region of the load-displacement curve (see Figure 11 for ABCDE points). Unlike the other three auxetic designs, star-4 and missing-rib-cut designs transformed into stiffer structures after contacting adjacent individual layers. This contact behaviour of the adjacent layers was captured by the numerical model, but there was a deviation of the contact locations which could be attributed to the use of midplane of the unit cell walls to model the structure using shell elements. Unlike the previous designs, the star-4 design and missing-rib-cut design indicated two linear elastic regions. Both panels then followed the similar load-displacement relationship to the previous designs. The star-4 design indicated 3.75 kN of initial peak force, which was the highest initial peak force among the auxetic configuration tested and had a long plateau region with force oscillations. The missing-rib-cut design also had 3.75 kN of initial peak force, which was the maximum load that the panel can resist under the elastic region and that force was maintained in the unit cell collapsing process. The missing-rib-cut design had a short smooth plateau region.
Numerical models agreed well with the experimental results up to the end of the initial elastic deformation region, but the change of stiffness due to contacting adjacent layers was not captured well. The comparisons of the numerical results with the experimental results are indicated in Figure 11 (a) and Figure 13 (a) for the star-4 design and missing-rib-cut design, respectively. Both the star-4 design and missing-rib-cut design did not demonstrate the NPR behaviour under compressive loading, except some limited NPR behaviour of the missing-rib-cut design in the initial part of the deformation. Grima et al.'s (2005) study performed for the star-shaped designs reported less pronounced NPR behaviour for the star-4 design compared to the star-shaped designs. In this study, the star-4 auxetic panel did not show NPR behaviour, which does not confirm the above findings. Figure 14 (a) presents the comparison of the experimental load-displacement relationships obtained from the uniaxial compression testing of the 3D-printed auxetic configurations. All load-deformation curves in Figure 14 (a) follow a typical load-deformation behaviour of cellular structures under the uniaxial compressive load. In the initial portion up to the first peak, the auxetic panels deformed elastically up to the peak load that they could sustain. At this stage, the load was resisted by the stiffness of the cell walls. Once the unit cell walls started collapsing by plastic deformations and buckling, the auxetic panel behaviour resembled the yielding behaviour of metals with large deformations and a nearly constant load. After the collapse of all unit cell walls, the load started to rise rapidly and the auxetic panel started acting as a solid material. The arrowhead type 1 displayed higher stiffness while the missing-rib-cut design displayed lower stiffness when compared to the other auxetic designs. In the development of sacrificial protective system, load transmitted to the main structure is one of the important performance parameters and re-entrant honeycomb and missing-rib-cut designs displayed their higher effectiveness by controlling the transmitted loads. Table 4 ). The total energy absorbed by the auxetic panel up to 50% of the relative deformation is higher for star-4 design, which is 168.4 N m while the re-entrant honeycomb design absorbed 44.5 N m, which is the minimum. Despite the star-4 design and arrowhead type 1 being able to resist a much higher force and absorb much energy than the re-entrant honeycomb design, the re-entrant honeycomb design is more effective regarding moderate force, long plateau region and energy absorption. The main objective of this study is to develop a sacrificial protective system that could efficiently limit the force transmitted to the main structure. Moreover, the selected design should be easily manufacturable to develop a scaled-up version. Considering these factors, the re-entrant honeycomb design could be suitable for further studies using large-scale experiments. However, for some other applications, such as helmets, footwear and protective armour, other designs could be used as they can be manufactured using additive manufacturing techniques. Considering these factors, the re-entrant honeycomb design was selected for large-scale development and performance evaluation in this study.
Performance of large-scale auxetic sandwich panels
Design parameters and specimen preparation
Auxetic sandwich panels with re-entrant honeycomb geometry were manufactured using 0.55 mm Grade 300 steel sheets for the core and acrylonitrile butadiene styrene (ABS) for the face sheets. Two different internal angles were selected by referring to previous large-scale experiments Figure 15 . Details of re-entrant unit cells: (a) design parameters, (b) re-entrant design 1 and (c) reentrant design 2 (units: mm). (Qi et al., 2017) and the feasibility of manufacturing the core structures. Overall, four panels were manufactured using steel sheets, with varying unit cell internal angles. Re-entrant honeycomb design parameters are indicated in Figure 15 (a). The selected values for the design parameters of the two core structures are indicated in Figure 15 (b) and (c). The width of the unit cells (w) was selected to avoid an early collision of the cell walls. Four layers in the vertical direction were selected for the large-scale auxetic panels. Fabrication of the steel re-entrant core structures based on the geometric parameters indicated in Figure 15 (a) and (b) was completed using a hydraulic CNC brake press machine as demonstrated in Figure 16 (a). The profiled corrugated layers were manufactured first, as indicated in Figure 16(b) , and then assembled to form the complete multi-layered core as depicted in Figure  16 (c). The fabrication technique developed for these profiles involved two separate stages of bending and tooling; this was achieved via the use of an offset punch and die set to initially fold the steel at two points to create a 'Z' shape as indicated in Figure 16 (a). After these folds were completed at the required intervals along the panel, a process of air bending with a goosenecked punch and acute die was implemented to obtain the required angle of the re-entrant shape. The completed corrugated layers were then laminated to each other to form the overall core structure with the use of a low functionality polyurethane-based structural adhesive. The manufacturing process produced some inconsistencies in the profiles leading to small gaps between the profiles. The adhesive chosen was unable to fill the gaps properly and to bond the two sheets perfectly. Thus, 3.2 mm × 3.2 mm pop rivets were also used to bond the corrugated profiles. Three lines of pop rivets, along the two edges and one line in the middle, were used. The overall dimensions of the panels are presented in Table 5 . In Table 5 , the auxetic specimens coded with 'R60' and 'R75' represent the re-entrant honeycomb core and the internal angle of the unit cell, 'ABS' represents the face sheet material, 'LDPE' represents the cover plate material, 'SC' represents the quasistatic tests and 'DI' indicates the drop hammer impact tests. For instance, R60-ABS-SC refers to Figure 16 . Manufacturing process of large-scale auxetic structures using steel sheets: (a) die in operation using break press machine, (b) corrugated profiles and (c) assembled core. the re-entrant honeycomb core with a re-entrant angle of 60° covered by the ABS face plates and that the panel was tested under quasi-static compression loading.
Quasi-static localised compression test set-up
Static compression tests were performed for the two auxetic sandwich panels, R60-ABS-SC and R75-ABS-SC, using the Instron 8033 universal testing machine. R60-ABS-SC was tested under localised compression conditions. The auxetic panel with a re-entrant angle of 60° was positioned between the top cylindrical punch with a diameter of 150 mm and the bottom cylindrical block of the same diameter, as indicated in Figure 17 (a). The bottom cylindrical block was fixed in position while the top block moved downwards at a constant speed of 1 mm/min. The R75-ABS-SC panel with a re-entrant angle 75° was placed on the 10 mm steel plate, as indicated in Figure 17 (b), which was fixed in the position while the top cylindrical punch was pushed downwards at the same speed as before. The bottom steel plate was considered in this case to represent the boundary conditions representing a rigid target (e.g. concrete wall) protected by an auxetic sandwich panel. Load-displacement data were recorded using a data logger and the deformation sequence was recorded using a camera.
Drop hammer impact test set-up
Drop hammer impact tests were performed for the sandwich panels with the re-entrant angle 60° (R60-ABS-LDPE-DI) and 75° (R75-ABS-DI) using the drop hammer impact testing facility at the University of Wollongong. This facility includes a 580 kg falling anvil, a high-capacity load cell for recording impact load time histories, a cylindrically shaped impactor with a diameter of 150 mm and a high-speed video camera system for recording the dynamic behaviour of tested specimens. Figure 18 indicated a schematic diagram of the drop hammer impact facility. The sandwich specimens were placed on top of the steel supporting system, which was bolted to the strong floor. The first test was performed for a sandwich panel with a re-entrant angle of 75° (R75-ABS-DI) without a cover plate. The second test was performed for a sandwich panel with a re-entrant angle of 60° with a 7-mm-thick low-density polyethylene (LDPE) cover plate. In the previous study by Qi et al. (2017) , a 3.6-mm-thick mild steel plate was used. This study aimed to develop a lightweight protective system and hence a lightweight material was used for the cover to reduce the mass of the auxetic protective panel. Based on preliminary numerical simulations, the anvil was released from the 0.5 m height above the top surface of the sandwich panel system to free fall on to the centre of the panel. The drop hammer impact facility contains four shock absorbers to dissipate the residual kinetic energy of the anvil after the impact. The impact load on the specimens and the deformations were recorded using the load cell and high-speed video camera system.
Finite element modelling of large-scale auxetic structures
Numerical models for the large-scale auxetic structures under quasi-static loading were analysed using the non-linear implicit finite element code LS-DYNA. The basic procedure for modelling was similar to that of the reduced-scale auxetic panels with some changes to the geometry modelling and new material models. Unlike the 3D-printed auxetic panels, the thickness of the auxetic unit call walls was not the same for the large-scale auxetic panels due to the manufacturing technique used. As indicated in Figure 15 , the thickness of the horizontal walls of the unit cell was double the vertical wall thickness because two folded steel sheets were connected by adhesive and rivets to form the re-entrant honeycomb profile. In the numerical simulations, the horizontal walls were modelled as one layer of shell elements and the connection was assumed to be fully bonded. Shell elements in the vertical sections of the auxetic core had a 0.55 mm thickness while that of the horizontal sections had a 1.1 mm thickness. The geometry of large-scale auxetic panels was modelled using AutoCAD software in the same way as the geometry of the reduced-scale models.The cylindrical loading blocks for localised static load tests and the bottom steel support plate were modelled using solid elements, and the MAT_RIGID material model in LS-DYNA was used with the same material parameters as for the reduced-scale auxetic panel simulations. Following the mesh sensitivity analysis, mesh sizes of 5 mm for the shell elements and 10 mm for the solid elements were selected to balance the accuracy and computational expenses. The same contact algorithms were used as described earlier for the reduced-scale auxetic panel models.
The numerical simulations of the drop hammer impact tests were performed using an explicit formulation in LS-DYNA software. Geometry was created using AutoCAD software. Boundary conditions and other necessary parameters were defined using the LS-PREPOST software. The boundary conditions and contact algorithms were similar to the simulations for the static tests of the large-scale auxetic panels. Mesh sizes of 5 mm for the shell elements and 10 mm for the solid elements were used. The components of the drop hammer facility, including anvil, load cell and cylindrical shape impactor, were modelled using eight-node solid elements with an hourglass control. The impactor falling process was omitted and the falling anvil was positioned 1 mm above from the top cover plate of the auxetic panel system as indicated in Figure 19 . The initial velocity of 3.13 m/s was defined for each component of the falling mass using the INITIAL_VELOCITY_GENERATION keyword card. Both the impactor and the anvil were modelled as rigid bodies using the MAT_RIGID material model while the load cell was modelled using the MAT_ELASTIC material model with the parameters listed in Table 6 . Offset and contact algorithms were defined as described previously.
Grade 300 mild steel sheets with a thickness of 0.55 mm were used to construct the auxetic core of large-scale panels. The top and bottom face plates of the auxetic panels comprised ABS material with a thickness of 4.5 mm. A 6-mm-thick sheet of LDPE was used as an additional cover plate for the auxetic panel testing under impact loads to prevent localised failure of the panels. Figure 20 provides the engineering stress-strain diagram for the Grade 300 mild steel sheets obtained through the quasi-static tensile testing of the standard dog-bone specimens. The engineering stress-strain relationship obtained from the tensile testing of the standard dog-bone specimens for the ABS material is indicated in Figure 21 . The mechanical properties of the LDPE material were obtained from the manufacturer's data sheet as the tensile testing data were unavailable at the time of writing. The MAT_PIECEWISE_LINEAR_PLASTICITY material model was used to define the material behaviour of the steel sheets and ABS plastic in which actual effective stress versus plastic strain curves for materials can be inserted. The MAT_PLASTIC_KINEMATIC material model was used to define the behaviour of LDPE. The strain rate effects for the ABS and LDPE materials were not considered in this study as no relevant data were available for the ABS and LDPE materials. Mechanical properties for all materials used for the simulations are summarised in Table 6 .
Experimental and numerical results for quasi-static localised compression tests
The experimental and numerical load-displacement relationships of the re-entrant honeycomb core sandwich panel with the re-entrant angle 60° (R60-ABS-SC) are presented in Figure 22 (a) and the deformation patterns are indicated in Figure 22(b) . In this case, the auxetic panel performance under localised compressive loading was studied. The load-displacement relationship is similar to that of the 3D-printed re-entrant honeycomb panel discussed earlier. The numerical predictions match the experimental results closely up to a certain level of core densification. Subsequently, the numerical predictions start varying from the experimental results. The ABS cover sheet plastically deformed and separated from the auxetic core due to the shear failure of the adhesive used to bond them. This indicates that a better match between experimental and numerical results could be achieved if the bond failure is included in the model. The re-entrant honeycomb unit cells uniformly collapsed at approximately 20 kN plateau force. The vertical sections of the auxetic core initially collapsed showing 'X' shape bands. All cell walls collapsed uniformly by forming plastic hinges in the vertices with bending dominated deformation. It is clear that the auxetic panel draws materials into the load path to resist the compressive load by core densification. Importantly, rivets were used to bond the core corrugated layers together and these connections performed very well and contributed to the satisfactory NPR behaviour of the auxetic core structure. The second auxetic panel with a 75° internal angle (R75-ABS-SD) was tested with the bottom supporting steel plate and compressed using the 150 mm diameter punch, which is more relevant to the intended protective application of the large-scale auxetic panels. Figure 23 indicated the loaddisplacement relationship and the deformation process of the panel in comparison to the numerical results. The ABS top face plate plastically deformed and fractured with a circular dent mark due to the concentrated compression load. Similar to the previous auxetic design, the panel core started to collapse at approximately 20 kN applied vertical load with the panel continuing to resist the vertical load up to approximately 30 kN. Resisting load fluctuations can be observed during the densification process, which was mainly due to the plastic buckling of the unit cell walls. In this auxetic design, the internal angle was high, which resulted in the buckling of the unit cell walls rather than cell wall bending and plastic hinge formation. Subsequently, this auxetic panel had a higher stiffness compared to the previous panel. Overall, the numerical model predictions were quite close to the experimental results and correctly captured the NPR behaviour of the auxetic core.
Experimental and numerical results for impact tests
The drop hammer impact tests for the auxetic panel with the re-entrant honeycomb design 2 (R75-ABS-DI) were performed using the large-capacity drop hammer facility at the University of Wollongong. The experimental deformations of the R75-ABS-DI auxetic panel under the impact load are presented in Figure 24 (a) and compared with the numerical simulations. The ABS top face plate broke down in a brittle manner under the impact load and did not contribute to the impact force mitigation and energy absorption after the failure. The auxetic panel deformation was similar to the deformation behaviour of the auxetic panel with the same configuration (R75-ABS-SC) under the quasi-static compression load. Despite the panel deformation not being symmetric, as the impact load was not evenly distributed through the auxetic core due to the failure of the ABS plate, the auxetic core still drew the materials into the impact load path showing the stable NPR behaviour. The unit cell collapsing behaviour of the auxetic core was not uniform, which could be attributed to the plastic buckling of the unit cell walls associated with the higher internal angle of the unit cells.
The experimental and numerical force transfer between the auxetic panel design 2 (R75-ABS-DI) and the main structure (steel supporting plate) are depicted in Figure 25 , which also indicated the force transmitted to the main structure without the auxetic core. The auxetic panel significantly modified the impact force transfer from a short-duration impulsive loading to a longer duration compressive plateau loading. Figure 25 indicates that without the auxetic protective layer, the main structure would have been subjected to a loading pulse with a duration of approximately 4 ms and a peak load of approximately 800 kN. With the auxetic layer design 2, the average transferred force to the main structure is reduced to approximately 30 kN with a duration of approximately 40 ms. The force transfer increases rapidly at 40 ms due to full collapse and densification of the cells with no absorption capacity left in the cells. To continue further energy absorption and transfer of the reduced force to the main structure, additional layers of auxetic cells must be added.
The numerical simulations for the R75-ABS-DI panel in Figure 25 satisfactorily predict the experimental force transfer to the underlying main structure. In the initial stage of impact loading, there is a deviation between the numerical predictions and experimental results. In the experiment, the top ABS plate fractured in the middle in two pieces, but the numerical simulations did not capture that brittle failure of the ABS top face plate correctly. This could be the reason for the initial deviation of the numerical and experimental results. In the numerical simulation, the ABS plate formed cracks only in the contact zone between the plate and the impactor.
Auxetic design 1 (R60-ABS-LDPE-DI) was tested under impact loading using a 6-mm-thick LDPE sheet as a cover plate to distribute the impact load uniformly and to avoid application of localised load into the auxetic core. The LDPE material was selected for this test as it indicated high flexibility and good strength-to-weight ratio. Figure 24(b) indicates that the LDPE cover plate experienced large dynamic deformations; however, no sign of fracture failure was observed in the LDPE cover plate. The LDPE cover plate performed better compared to the ABS cover plate regarding energy absorption and resistance to large deformations. Furthermore, no dent marks remained in the LDPE cover plate from the rigid impactor.
Similar to the R75-ABS-DI panel, under the localised impact the auxetic core of the R60-ABS-LDPE-DI absorbed energy and, in doing so, underwent significant deformation. The auxetic core of the R60-ABS-LDPE-DI panel deformed symmetrically as indicated in Figure 24 (b). All unit cells near the impact zone fully collapsed and the unit cells located away from the impact zone partially collapsed. Deformation of the auxetic core started from the top layers and gradually spread to the bottom layers with the impactor moving downwards. The auxetic core deformation indicated high material movement towards the impact zone due to the NPR behaviour to resist the impact load. Figure 26 indicates the force transfer between the auxetic panel R60-ABS-LDPE-DI and the underlying main structure. The protective effect is evident by comparing the force transfer for the unprotected main structure and that for the main structure protected by the auxetic panels. The protected main structure is subjected to the force transfer between 30 and 40 kN while the unprotected main structure would have experienced a short-duration impulsive load with a peak value of approximately 240 kN. The numerical predictions of the force transfer generally replicate the experimental results, but slightly underestimate the average transferred force to the panel. Both auxetic designs have proven effective as sacrificial protective systems due to the high impulsive force mitigation capability of the panels. The riveted connections used for bonding of the corrugated layers have demonstrated their high effectiveness for preventing interfacial failure between the individual layers of the auxetic cores. 
Summary and conclusion
In this study, the performance of five types of auxetic prototype panels -arrowhead type 1, re-entrant honeycomb design, arrowhead type 2, star-4 and missing rib cut -were evaluated using 3D-printed reduced-scale panels under uniaxial compression. Four large-scale re-entrant honeycomb core sandwich panels were fabricated using new manufacturing technology developed by the authors. The performance of the large-scale auxetic panels was evaluated under quasi-static localised compression loading and impact loads. Numerical simulations were also undertaken for both reduced-scale auxetic panels and large-scale auxetic panels under quasi-static localised compression and impact loads.
Major conclusions from the above experiments and numerical simulations can be summarised as follows:
• • The re-entrant honeycomb configuration displayed the most consistent and stable auxetic performance and demonstrated the reliable energy absorption performance while transmitting less force to the main structure compared to the other auxetic geometries under the uniaxial compression. • • The developed manufacturing technique can be used to fabricate large-scale re-entrant honeycomb core sandwich panels and the employed bonding technique (riveting) did not affect the auxetic panel performance and deformation behaviour. • • The large-scale re-entrant honeycomb sandwich panels indicated effective impact load mitigation characteristics while absorbing energy by utilising NPR behaviour through concentrating material towards the impact zone. • • The large-scale re-entrant honeycomb sandwich protective systems also provided the effective control of the contact pressure between the sacrificial auxetic layers and the main structure by modifying the force transfer from short-duration high-magnitude impulsive loading to a longer duration moderate-magnitude quasi-static type of loading. • • To prevent damage of the main structure by impulsive loads, sufficient number of auxetic cell layers need to be designed to avoid the full densification of the cells prior to the transfer of the full impulse to the sacrificial protective system.
In future studies, more large-scale re-entrant core sandwich panel systems will be fabricated and tested to evaluate their performance under impact and blast loads with a view to optimise their design for effective blast and impact protection.
